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Abstract: The effect of multi-step austempering treatments on the microstructure and mechanical
properties of a novel medium carbon high silicon carbide-free bainitic steel was studied. Five different
isothermal treatment processes were selected, including single-step isothermal treatments above
martensite start temperature (at 350 ◦C and 370 ◦C, respectively), and three kinds of two-step routes
(370 ◦C + 300 ◦C, 370 ◦C + 250 ◦C, and 350 ◦C + 250 ◦C). In comparison with single-step austempering
treatment adopting a two-step process, a microstructure with a bimodal-size distribution of bainitic
ferrite and without martensite was obtained. Bainitic transformation was studied using dilatometry
both for single-step and two-step routes and the specimens were completely characterised by electron
microscopy (SEM and TEM), X-ray diffraction (XRD) and standard tensile tests. The mechanical
response of the samples subjected to two-step routes was superior to those treated at a single
temperature.

Keywords: carbide-free bainite; high silicon steel; bimodal distribution; multi-step austempering;
heat treatments

1. Introduction

Steels with nanostructured bainite are object of extensive research due to their ex-
cellent combination of high strength and ductility [1–5]. Their ability to achieve tensile
strength largely above 1 GPa with total elongation above 15% is given from their unique
multiphase microstructure, which includes bainitic ferrite and carbon enriched austen-
ite [6–8]. This composite microstructure consisting in ultrafine constituents resulting from
the diffusionless transformations is the responsible of high strength, since cracks need to
traverse interphase but also different crystal structures, as demonstrated several times by
Bhadeshia and Edmonds [9].

These steel grades are characterised by a significant amount of silicon, which in-
hibits cementite precipitation, that deplete mechanical properties [9], favouring austenite
carbon enrichment during isothermal treatments [10–12]. During isothermal treatments,
when bainitic formation occurs, carbon diffuses from supersaturated ferrite into austenite,
increasing austenite stability, therefore, part of it is retained at room temperature.

When austenite is enriched in carbon, its Ms (martensite start) temperature decreases,
avoiding martensitic transformation during final cooling and giving the possibility of fur-
ther bainitic transformation at lower temperatures [1,13–15]. Bainitic microstructures with
carbon enriched austenite are generally produced by isothermal treatments, after complete
austenitisation, in the temperature range between Bs (bainite start) and Ms [16,17] or below
Ms [18,19]. Discussing the morphology of retained austenite it is possible two distinguish
between two different forms generated from prior austenite partitioning (i) austenite films
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confined by ferritic plates and (ii) austenite blocks, located between bainitic ferrite sheaves
and at prior grain boundaries, respectively. [1,16,20–24].

Blocks of austenite, due to the lower carbon content in comparison with films [16,25],
have poor stability and a high tendency to undergo martensitic transformation during
applied stress, leading to large brittle martensitic islands, thus decreasing material tough-
ness [26]. On the contrary, the presence of austenitic films generally leads to an enhance-
ment in material properties [27–31].

Hence, avoiding the formation of hard brittle martensite and blocky austenite islands
is the primary design goal of novel bainitic steels. This could be completed by conducting
bainitic transformation at the lowest possible temperature, refining the microstructural
constituents [32], or varying the carbon content of the alloys and, as a consequence, Ms
temperature. In fact, no thermodynamic limit characterises bainitc transformation and it
can be conducted also close to room temperature, but, as drawback, there is a dramatic
increase in the time for achieving completion [33]. According to many authors a multi-step
austempering bainitic treatment approach, called (MBAT), could represent an innovative
solution, as proposed in literature [25,26,34–36]. The MBAT process consists of austeniti-
sation, and two/three isothermal holding periods at different temperatures for bainitic
transformation.

High temperature austempering induces bainitic transformation with high kinet-
ics and formation of coarser plates of bainitic ferrite while holding period at lower pe-
riod allows austenite decomposition in finer bainitic ferrite plates, leading to the forma-
tion of microstructure with bimodal size distribution of bainite as shown by Hase and
Bhadeshia [1,37], and strong removal of austenitie blocks that can deplete the mechanical
response, as observed by Avishan [33]. In addition, according to the authors, from mechan-
ical point of view, the application of MBAT process leads to a response enhancement, both
in terms of ductility and toughness, that are doubled, respect to the structure produced
with single isothermal holding treatments.

The process design of MBAT is also still debated in the literature, from the point of
view of the heat-treatment design. Such MBAT treatments were proposed in different
variants: (i) by Hase and co-workers and Avishan et al. [33,37], who performed the change
in temperature when the transformation at the first step was completed, (ii) while Soliman
and co-workers interrupted the transformation at 50% the first step [38].

An inverted MBAT process called IBAT was proposed by Gao and co-workers [25].
In their work, the first step of the process was performed at a lower temperature, and
then the material was heated to a higher temperature for the transformation completion
IBAT process, which, according to the author, allowed higher microstructural refinement
in comparison with standard MBAT.

The aim of the present study was to investigate the details of transformation, mi-
crostructures and tensile properties of multi-step ausformed newly developed medium
carbon, with 3 wt.% Si carbide-free bainitic steel.

2. Materials and Methods
Alloy Production and Heat Treatments

A 40 kg ingot was produced through vacuum induction melting, heated at 1200 ◦C and
hot rolled down to 20 mm in seven passes, followed by air-cooling to room temperature.
The chemical composition was measured with optical emission spectroscopy (OES) and it
is reported in Table 1.

Table 1. Chemical composition (wt.%) of the Investigated alloy.

Fe C Si Mn Al Cr Ni Mo Cu Ti V P S

Bal. 0.38 3.20 2.60 0.10 0.05 0.05 0.02 0.05 0.001 0.006 0.008 0.007
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ThermoCalc 2021 software (Thermo-Calc Software, Solna, Sweden) (with TCFE10
database) simulations were performed to calculate critical transformation temperatures,
both for austenitisation and martensitic transformation (A1, A3, Ms) to design the heat
treatments. Bainite start temperature (Bs) was calculated by means of the equation proposed
by Zhao et al. [39]. Results are presented further in the manuscript.

Samples for dilatometry, with lengths 10 mm and 4 mm diameter, were machined
employing electro-discharge machining from the steel plate in the direction perpendicu-
lar to the rolling direction. Dilatometric studies related to bainitic transformation were
performed with a TA instrument quenching dilatometer DIL805A/D (TA Instrument, Hüll-
horst, Germany). Based on ThermoCalc simulations a thermal cycle was performed for
measuring the real Ac1, Ac3, and Ms of the investigated alloy. Specimen were heated
at 10 ◦C/s at 900 ◦C and held for 5 min under vacuum (10−4 mbar) and cooled to room
temperature in argon at 10 ◦C/s.

Three different multi-step treatment routes were selected in this research and are
shown in Figure 1. The first route, called MULTISTEP1, consists of austenitisation at 900 ◦C
for 5 min, followed by rapid cooling (10 ◦C/s) to the first bainite formation step at 370 ◦C
until completion of bainitic reaction, and a second bainite formation step at 300 ◦C for
further bainitic transformation, followed by final cooling to room temperature. The second
one, named MULTISTEP2, is characterised by a second austempering treatment at 250 ◦C
Finally, the so-called MULTISTEP3 consists of a first austempering treatment at 350 ◦C till
the cessation of bainitic transformation and the second step at 250 ◦C. Single-step treatment
with isothermal holding at 350 ◦C and 370 ◦C were also performed to compare the results.
The heating rate (HR) and cooling rate (CR) of all heat treatments were set to be 10 ◦C/s.
All the parameters for the heat treatments are listed in Table 2.
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Figure 1. Bainitic multi-step heat treatment cycles after austenitisation at 900 ◦C for 5 min.

Table 2. Resume of the performed heat treatment routes.

Sample ID Austenitisation
(◦C/time)

1st Isothermal
Treatment (◦C/time)

2nd Isothermal
Treatment (◦C)

MULTISTEP 1 900/300 s 370/2.5 h 300/2.5 h
MULTISTEP 2 900/300 s 370/2.5 h 250/2.5 h
MULTISTEP 3 900/300 s 350/2.5 h 250/2.5 h

350 ◦C single step 900/300 s 350/2.5 h -
370 ◦C single step 900/300 s 370/2.5 h -
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Microstructure characterisation was performed on heat-treated specimens following a
standard metallographic practice. Final polishing was performed with diamond polycrys-
talline suspension of 1

4 µm, followed by etching using a 5% Nital solution. Observation of
the microstructure was performed with a Zeiss ULTRA55 Schottky field emission scanning
electron microscope (Carl Zeiss NV, Zaventem, Belgium), operating at 15 kV and with an
InLens detector. Thickness of bainitic ferrite was performed on SEM pictures taken at high
magnification and analysed with the support of ImageJ software [40]. TEM observations,
with a Philips CM30 (Philips NV, Amsterdam, The Netherlands) transmission electron
microscope operating at 300 kV, were performed to resolve nanostructured microstruc-
tural features. Thin foil preparation involved mechanical thinning to 60 µm and twin-jet
electropolished, with a Struers TENUPOL-3 (Struers S.A.S., Ballerup, Denmark), for the
perforation of the 3 mm disk. The employed electrolyte consisted of 5% perchloric acid
and 95% acetic acid [41–43]. X-ray diffraction measurements were carried out on polished
samples to determine the volume fraction of retained austenite. Such characterisations
were performed with a Bruker-D8 ADVANCE diffractometer (Bruker, Billerica, MA, USA),
with a Cu Kα radiation at a voltage of 30 kV and a current of 30 mA. Analysis was per-
formed in the 2θ of 40◦–105◦, with step scan 0.02◦ and acquisition time of 2 s. The volume
fraction of retained austenite was calculated by performing Rietveld analysis with the
support of Maud software (Luca Lutterotti, University of Trento, Trento, Italy) [44]. Carbon
content (cγ) in retained austenite was calculated according to Equation (1), as a function of
austenite lattice parameter (aγ), estimated from XRD Rietveld refinements [45]:

aγ= 3.5467 + 0.0467cγ (1)

For tensile tests, flat samples with a gauge length of 25 mm, a width of 6.25 mm, and
3 mm thickness mm were prepared by water-jet cutting and milling, according to ASTM
A370-20. At least three samples were tested for each condition to ensure reproducibility
and the average value was presented. Heat treatments on dog-bone samples for the tensile
tests were performed with a Fours H&C muffle furnace (Fours H&C, Fernelmont, Belgium)
for austenitisation, and lead and tin-lead bath furnaces, with eutectic composition, were
used for bainitic transformation steps. An MTS (MTS System Corporation, Eden Prairie,
MN, USA) with a 50 kN load cell was used for tensile tests, the force was measured using
the machine load cell, while displacement was measured using the crosshead movement.
Finally, the yield strength was calculated with the 0.2% method.

3. Results and Discussion
3.1. Thermocalc Analysis and Dilatometry

Calculated and measured critical transformation temperatures for the investigated
alloy are reported in Table 3. Figure 2A shows the heat treatment cycle (black line) used
for the estimation of the transformation temperature and the dilatation curve (blue line)
obtained during the cycle. A linear contraction confirms that the chosen cooling rate is
appropriate to prevent diffusional transformation. Figure 2B shows a detail of the heating
branch of the change in length vs. temperature curve. Firstly, the heating is accompanied
by a dilatation, with linear behaviour, connected to specimen thermal expansion, while
at ≈520 ◦C, a first contraction, indicated by a star in the figure, can be observed. This
refers to the microstructural evolution of the material in the as-received state, which was
characterised by martensitic microstructure, at those temperature martensite tempers
and cementite precipitates. The hypothesis is supported by El-Fallah and Bhadeshia for
analogous heat treatments of medium carbon nickel alloyed steel with starting martensitic
microstructure [46]. Once cementite precipitation is completed, at around 580 ◦C, change in
length restarted following a linear pattern, due to linear expansion related to temperature
increase. A second contraction was observed at 734 ◦C (A1) due to austenite growth and
furthermore, the data indicated also that at 839 ◦C (corresponding to A3) the material is
fully austenitic.
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Table 3. Calculated (Themocalc) and estimated (from dilatometry measured with spot welded
K-thermocouple) transformation temperatures of the investigated alloys.

Calculation Method A1 (◦C) A3 (◦C) Ms (◦C) Bs (◦C)

Thermocalc 718 838 231 -

Dilatometry 779 834 245 -

Zhao et al. [39] - - - 402
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Figure 2. (A) Thermal cycle for the dilatometric study of critical temperature Ac1, Ac3, Ms (black line), and dilatation
curve (blue line); (B) relative change in length against temperature curve indicating austenitisation transformation and
the temperature Ac1 and Ac3; the star (*) = indicates cementite precipitation during heating of martensite due to carbon
rejection; (C) cooling branch of the thermal cycle indicating Ms temperature and martensitic transformation.

Finally, Figure 2C shows the lowest part of the cooling branch of the dilatation experi-
ment, in which martensite starts temperature (Ms) at 245 ◦C can be observed.

Dilatometric results for single-stage treatments are shown in Figure 3A,B. Figure 3A
shows the cooling branch of the thermal cycle, showing length variation during the isother-
mal holding period due to bainitic reaction for a single step at 350 ◦C and 370 ◦C. In both
cases, final cooling to room temperature is followed by martensitc transformation, at 122 ◦C
and 226 ◦C, respectively. Variation in the Ms values between the two specimens and respect
to the previously measured value, for the as-received material, is connected with austenite
carbon enrichment occurring during bainitic transformation, as reported by Bhadeshia [47].
Furthermore, Chupatanakul and Nash [48] demonstrated, combining dilatometry and rela-
tionship between carbon content and Ms, that as austenite carbon concentration increases
the Ms values of the untransformed austenite decreases. The decrease in Ms from 226 ◦C to
122 ◦C reducing the isothermal holding temperature from 370 ◦C and 350 ◦C is explained
considering the T0 curve theory and the thermodynamic of bainitic reaction [10,47]. As
the temperature for bainite formation is reduced, higher is the maximum capability of
austenite to accept carbon and, as consequence, lower Ms are achieved.
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time. The insert in (B) better shows the incubation time for both bainite transformations.

The relative changes in length during single-step treatment are reported in Figure 3B.
The two curves indicate that lower temperature for the bainitic reaction leads to an increase
in the extent of the bainitic reaction, as shown by the larger dilatation occurring during
the isothermal treatment, as confirmed by Xu [49]. Furthermore, both for the isothermal
treatment at 350 ◦C and 370 ◦C, the transformation is characterised by an incubation time
(160 s and 300 s, respectively) as it is displayed in Figure 3B. Bainitic reaction at 350 ◦C is
characterised by a shorter incubation period thanks to an increase in the driving force for
bainitic transformation, in agreement with Khare et al. [50] and Zhou and co-authors [51].
In addition, the kinetics of the transformation at 350 ◦C is faster than the transformation
at a higher temperature, as indicated by the more rapid increase in change in length, in
agreement with Xu and co-authors [49].

Changes in length vs. temperature curves for multi-step treatments are then depicted
in Figure 4. As expected, during isothermal holding an increase in specimen length is
observed due to bainitic transformation [26,48,52]. For all the multistep heat treatments,
no martensite formation is detected while cooling to room temperature. This suggests
that after the second stage bainitic transformation, the retained austenite was enriched in
carbon, thus lowering the Ms below room temperature [48,52].
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Figure 5 shows the variation of the relative change in length as a function of the
holding time for the different multi-stage treatments. All curves are characterised by the
typical “S” shape of the isothermal solid-solid phase transformation curves in agreement
with the curves proposed by Xu and San-Martin [49,53]. In the case of Figure 5A,C,E
it is possible to observe for each step that the transformation starts slowly, and, in all
the cases the incubation time that characterises the first stage of phase transformation is
compatible with the one of the single-stage treatment. After that, a progressive increase in
the transformation rate is observed, as testified by the derivative curves in Figure 5B,D,F.
Comparing dilatometric curves of MULTISTEP1 and MULTISTEP2 routes, it is possible to
observe that in the second stage of the treatment, performed, respectively, at 300 ◦C and
250 ◦C, more bainite is formed decreasing the temperature, thanks to the higher driving
force [47]. Similarly, during the first stage of MULTISTEP3, the variation in specimen length
is higher than the other two routes treated at higher temperatures in the first stage.

For both austempering stages in all multi-step heat treatments, the transformation
rate increases until a “peak time transformation rate” (PTTR), followed by a decrease in
the transformation rate [49,53,54].
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Figure 5. (A,C,E) relative change in length vs. austempering time curve for the heat treatment
MULTISTEP 1, MULTISTEP 2, MULTISTEP 3, respectively. (B,D,F) Derivative of the relative change in
length against time treatment describing the kinetic of the bainitic transformation during MULTISTEP
1, MULTISTEP 2, MULTISTEP 3 respectively.

3.2. Microstructural Characterization

Figure 6A,B depicts SEM micrographs of the specimens after the single-step austemper-
ing treatments. Figure 6A shows the microstructure after isothermal holding at 370 ◦C for
2.5 h, time at which bainite transformation is completed according to Figure 3B. Although
in Figure 6B the product of the bainitic transformation at 350 ◦C is shown. Both images
illustrate that the microstructure consists of bainitic ferrite plates (dark grey) separated
by high carbon enriched austenite in form of films (RAF) (light grey), as reported in the
literature for similar steels [6,55–57]. Moreover, martensitic islands (M) and retained austen-
ite blocks (RAB) are present in correspondence with the prior austenite grain boundaries,
according to Zhao [52]. The formers are the product of partial martensite transformation of
retained austenite, as supported by the dilatometric curves shown in Figure 3. Concerning
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the conventional single-step austempering process at 350 ◦C, the produced microstructures
are also finer respect to the one formed at 370 ◦C, as demonstrated by the measurement
of bainitic ferrite thickness, showed in Table 4. These results agree with those reported by
other authors in the literature [37].
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Figure 6. SEM micrograph of the sample treated with a single-step austempering until completion of the bainitic transfor-
mation at (A) 370 ◦C and (B) 350 ◦C. RAF: retained austenite film; BF: bainitic ferrite; RAB: retained austenite block; M:
martensite.

Table 4. Resume on the measurements on the bainitic ferrite formed at the various isothermal holding
temperature.

Temperature for Bainite Transformation (◦C) Bainitic Ferrite Thickness (nm)

370 345 ± 120
350 306 ± 65
300 146 ± 37
250 106 ± 33

Figure 7A reports the microstructure of the sample treated with the MULTISTEP 1
heat treatment route. A carbide-free bainitic microstructure is observed with two different
generations of bainitic shaves which are formed during the two steps of the isothermal
bainitic transformation, which are indicated with yellow dashed circles and B1 and B2 in the
images. There is a first coarser generation (B1) formed during the holding period at 370 ◦C,
while the second is finer (B2) and formed during isothermal holding at 300 ◦C, as shown in
Table 4 from the measurement of bainitic ferrite thickness at various isothermal holding
temperature, and in accordance with Bhadeshia [37,47]. Moreover, the microstructure
displays the product of martensitic transformation, suggesting a beneficial effect of the
second isothermal treatment on retained austenite stability. The results lead to confirm the
previous hypothesis in the discussion of the dilatometric curves, where the deviations from
linearity were related to martensitic formation after single-step heat treatments, during the
final cooling. During the second isothermal stage, untransformed austenite transforms in
bainitic ferrite leading to further carbon enrichment, an increase in the amount of thin films
able to contain more carbon, and a reduction in the volume fraction of austenite blocks.
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respectively. (D) High magnification SEM micrograph showing filmy of retained austenite and bainitic ferrite. B1: carbide-
free bainite formed during the first isothermal holding step; B2: carbide-free bainite formed during the second isothermal
holding step. RAF: retained austenite film; BF: bainitic ferrite; RAB: retained austenite block; M: martensite.

Figure 7B shows the microstructural characterisation of MULTISTEP 2 which, as in the
previous case, displays a microstructure consisting of two bainite generations. Finally, as
for MULTISTEP 1, no martensite islands are present. A bimodal distribution on bainite is
also observed after the MULTISTEP 3 route, as shown in Figure 7C. Thick plates of bainitic
ferrite transform during the isothermal stage at 350 ◦C and the finer during the second
stage at 250 ◦C, as reported in Table 4 as consequence of the thickness measurement of
bainitic ferrite plates. One highlight of SEM observations is that the amount of blocky
austenite is larger in MULTISTEP 1 than MULTISTEP 2 and MULTISTEP 3.

Finally, in Figure 7D is a high magnification SEM micrograph of bainitic sheaves of
the sample treated according to MULTISTEP1, showing bainitic subunits with a thin films
of retained austenite with thickness in nanoscale. Moreover, no carbides were observed
thanks to the effect of silicon on suppression of cementite [58].

TEM analysis was performed on samples treated according to MULTISTEP3 route.
Selected micrographs are shown in Figure 8. Bright-field image reported in Figure 8A
depicts a shave of carbide-free bainite, with austenite films entrapped by bainitic ferrite
sub-units, while in Figure 8B a block of retained austenite localized between different
variants of bainite, with the typical polygonal shape, in 2D section [23].
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Figure 8. TEM micrographs on the samples treated according to MULTISTEP3 route (A) Bainitic sheave, (B) Retained
austenite block between bainitic sheaves.

3.3. X-ray Diffraction

Figure 9 shows the diffraction patterns of all the specimens after the different treat-
ment processes, both single-step and multistep. Then, the results of retained austenite
quantification performed utilizing Rietveld analysis and evaluation of the carbon content
are shown in Table 5. Peaks relative to BCC and FCC phases characterize all the patterns
displayed in the figure.
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For the single-step treatment, it is possible to observe that a reduction in holding
temperature, during the isothermal treatment, from 370 ◦C to 350 ◦C leads to an increase
in the austenite final amount, once the material is cooled down to ambient temperature.
This result is in contrast with some results present in the literature, for example by Son
et al. and Zhao and co-authors [7,16], that observed a reduction in the final total amount,
thanks to the higher driving force associated with the bainitic reaction that is reduced
when the temperature for the bainitic reaction is closer to Bs [50]. However, the opposite
behaviour is explained considering the lower austenite carbon enrichment (0.81% vs. 0.87%)
that occurs at a higher temperature, shown in the table, and therefore a lower austenite
stabilization. This explanation is confirmed by both dilatometry and SEM observations,
where martensitic transformation at 226 ◦C for the specimen treated at 370 ◦C occurs
and whose product is visible in the micrographs. In addition, results are supported
also by the work published by Putatunda et al. [59], in the same range of temperature.
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Two-step treatments are characterised by significant variations in the final content of
retained austenite. In the case of MULTISTEP 1 and 2, the final austenite volume fraction is
significantly higher than the one obtained with the single step at 370 ◦C. Such an increase
from 12.9% to 23.4% and 17.97%, respectively, are associated with the double bainitic
reaction mechanism. On the one hand, during a single-stage treatment at 370 ◦C the carbon
enrichment and the extent of bainitic reaction is limited, as shown by dilatometry, i.e.,
retained austenite could not be stabilized at room temperature and undergo martensitic
transformation during final cooling, as shown by SEM micrographs. On the other hand,
performing a second step leads to a secondary bainitic reaction, which promotes a further
carbon enrichment of surrounding austenite, leading to an increase in austenite stability,
which is, therefore, retained at room temperature [16].

In the case of MULTISTEP3, a reduction in the final volume of austenite is observed
thanks to the larger extent of the bainitic reaction occurring performing a two-stage treat-
ment, in agreement with Avishan [33].

Comparing the different multi-step routes it is clear that depending on the temperature
of the second isothermal stage the amount within the microstructure varies significantly.
MULTISTEP2 leads to a decrease in austenite volume fraction with respect to MULTISTEP1
because of the second stage performed at a lower temperature that leads to larger decom-
position of blocky austenite, in the second generation of bainite, at 250 ◦C respect to the
one that occurred at 300 ◦C, as shown by Avishan and Mousalou [1,33].

In the case of multi-step treatment, a reduction in the value of the austenite carbon
content (cγ) presented in Table 5 is observed passing from MULTISTEP2 to MULTISTEP3
due to the higher extent of the bainitic reaction occurring at lower temperature and conse-
quent larger carbon enrichment from supersaturated ferrite. However, the presented value
are the results of the applied model, cited in the previous section, considering an average
lattice parameter of austenite without the possibility to distinguish different morphology of
retained austenite (blocks and films) and the two different bainite distributions. Different
techniques, as neutron diffraction, can provide more attainable results [60].

Table 5. Variations in volume fraction of retained austenite and carbon concentration (cγ) as a
function of the austempering cycle of the investigated steel.

Treatment Vγ (vol, %) aγ (Å) cγ (wt. %)

MULTISTEP 1 23.42 ± 0.95 3.611605 0.95
MULTISTEP 2 17.97 ± 0.47 3.607816 0.88
MULTISTEP 3 11.63 ± 0.42 3.610771 0.94

350 ◦C single step 15.64 ± 0.36 3.607232 0.87
370 ◦C single step 12.87 ± 0.50 3.604915 0.81

3.4. Mechanical Properties

Figure 10 shows the stress–strain engineering curves of the heat-treated samples,
while results are resumed in Table 6. In the case of single isothermal treatment processes
both yield strength and ultimate tensile strength decrease with the bainitic transformation
temperature. This mechanical behaviour is consistent with the microstructural observation
and results exposed in literature by many researchers, as Zhao and co-authors [61]. For
lower isothermal holding conditions (350 ◦C) an improvement in terms of elongation to
fracturing (from 0.028 to 0.066) was also observed, in agreement with Zhao [16]. Higher
nucleation rate and yield strength of undercooled austenite at lower isothermal holding
temperature produce finer bainitic ferrite plates, that combined with smaller and more
stable blocks affects positively the mechanical response [16]. Moreover, in single-step
processes continuous yielding is observable and the fracture is reached without necking
and just showed uniform elongation, similarly with Avishan and co-authors [23]. As
explained by the authors, the presence of austenite with low stability, transformation
induced phenomena occur in the early stage of the tensile test. TRIP effect occurring at low
strain level is, as matter of fact, detrimental.
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Figure 10. Engineering stress–engineering strain curves of the heat-treated steel samples (yield
strength was calculated with the 0.2 criteria).

Table 6. Resume of mechanical properties of the heat-treated steel samples.

Treatment σY (MPa) σUTS (MPa) εf

MULTISTEP 1 950 1685 0.052
MULTISTEP 2 970 1761 0.049
MULTISTEP 3 857 1677 0.073

350 ◦C single-step 658 1477 0.066
370 ◦C single-step 1046 1603 0.028

Considering the multi-step routes, the results indicated that the treatments were
successfully improving both ultimate tensile strength levels and elongations to fracture. In
particular, MULTISTEP1 and MULTISTEP2 routes allow to improve fracture elongation
from 0.028 to 0.052 and 0.049, respectively, and ultimate tensile strength from 1603 MPa
to 1685 to 1761 MPa, respectively. Greater fracture elongation observed in the two-stage
treatment, in comparison with the single-step treatment at 370 ◦C, is associated with
lower content of untempered brittle martensite and lower amount and size of blocks of
retained austenite [37]. The finer microstructure, deriving from the second isothermal
stage, can compensate more efficiently, the damage occurring during stress application,
giving as results better comprehensive properties, as proved also by [26]. Results agree
with microstructural observation and X-ray diffraction and literature results proposed by
Bhadeshia [37].

Moreover, both routes exhibit just uniform elongation without formation of neck
and localized deformation before reaching fracture and without reduction in the sample
area. Comparing MULTISTEP1 and 2, the improvement in terms of UTS is connected
to the finer bainite during the second stage of the isothermal treatment in the case of
MULTISTEP2. Concerning the MULTISTEP3 route greater values yielding point and UTS
point are observable with respect to the single-stage treatment performed at 350 ◦C, while
just a slight increase in total elongation characterises the two-step treated material. Higher
yield strength is explained considering the increase in dislocation density and the carbon
trapping in dislocation occurring during the two-step treatment [57].

3.5. Fracture Surface Analysis

Figure 11 shows SEM micrographs of the fracture surface for all the multistep treat-
ments. It is evident that the fractures are mainly composed of facets, evidenced in the
figure by the yellow dashed circles, and are present in all the specimens. The aspect of
the fracture surface is clearly in agreement with the tensile test curves, characterized by
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uniform elongation and the absence of necking and localised deformation, similarly to the
results proposed by Avishan [23].
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Figure 11. Fracture surfaces of the heat-treated steel samples after (A) MULTISTEP1, (B) MULTI-
STEP2, (C) MULTISTEP3.

However, the mechanical behaviour and the morphology of the fracture surfaces
are in contrast with several works in literature where specimens showed necking. This
can find an explanation considering the mechanical austenite stability, as discussed by
Garcia-Mateo [6,62]. Very fine filmy retained austenite can rich very high stability and it is
not possible to obtain full advantage of TRIP effect, due to the small number of potential
nucleation sites for martensitic transformation and to the large carbon content and other
elements such Mn and Si that enhance austenite mechanical stability. As a consequence of
high stable austenite, therefore, cannot provide effective TRIP effect and necking formation.

4. Conclusions

Five different heat treatment routes have been performed in this research. In particular,
two single-step isothermal treatments were performed above Ms temperature, at 350 ◦C
and 370 ◦C, and three two-step austempering routes. The following main conclusions can
be drawn from the results:

(1) Single-step isothermal treatments leads to microstructure containing bainitic ferrite,
films of stable austenite, unstable block and hard brittle martensite. Such combination
of microstructural constituents is responsible of poor elongation due to unfavourable
TRIP effect;

(2) Two steps routes lead to the formation of a bimodal bainite distribution, coarser
bainite formed at a higher temperature, and finer bainite formed during the second
stage. Moreover, the second step of the bainite reaction avoids the presence of large
martensitic islands in the final microstructure;

(3) In addition, the second step of bainitic reaction leads to a further increase in austenite
carbon content, improving the thermal stability of retained austenite;

(4) Two-step treatments lead to improve mechanical properties in terms both of ductility
(fracture elongation) and ultimate tensile strength.
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